ABSTRACT We demonstrate the ability to measure torsion stiffness of a protein complex by applying a controlled torque on a magnetic particle. As a model system we use protein G bound to an IgG antibody. The protein pair is held between a magnetic particle and a polystyrene substrate. The angular orientation of the magnetic particle shows an oscillating behavior upon application of a rotating magnetic field. The amplitude of the oscillation increases with a decreasing surface coverage of antibodies on the substrate and with an increasing magnitude of the applied field. For decreasing antibody coverage, the torsion spring constant converges to a minimum value of 1.5 Â 10 3 pN$nm/rad that corresponds to a torsion modulus of 4.5 Â 10 4 pN$nm 2 . This torsion stiffness is an upper limit for the molecular bond between the particle and the surface that is tentatively assigned to a single protein G-IgG protein pair. This assignment is supported by interpreting the measured stiffness with a simple mechanical model that predicts a two orders of magnitude larger stiffness for the protein G-IgG complex than values found for micrometer length dsDNA. This we understand from the structural properties of the molecules, i.e., DNA is a long and flexible chain-like molecule, whereas the antibody-antigen couple is orders of magnitude smaller and more globular in shape due to the folding of the molecules.
INTRODUCTION
The advances in single-molecule biophysics research techniques have sparked a strong interest in the nanomechanical properties of biological molecules. Insights are obtained on the response of biological molecules to force and torque in direct relation to their function. Research has mostly focused on structural properties of DNA and the relation with enzyme activity involving gene transcription, replication, and chromosomal packaging. Force extension measurements have revealed structural transitions of DNA and have been used to characterize binding affinities and binding kinetics for both small molecules and more complex proteins (1, 2) . The application of torque to single molecules is achieved by using rotating micropipettes (3), by using magnetic tweezers (4) , and by the optical torque wrench (5) . Using these techniques, torque-induced structural transitions of DNA have been found and the uncoiling of DNA by topoisomerase IB has been shown to be torque dependent (6) (7) (8) (9) (10) (11) (12) . Proteins are structurally very different and so are their nanomechanical properties. The torsional rigidity of multiprotein actin fibers has been investigated and shows the presence of discrete twist states that are related to the rigidity of the actin network in cells (13, 14) . However, the application of torque to individual proteins is virtually unexplored. Single-protein measurements are of strong fundamental interest, because such studies promise to generate insights into energy landscapes and the connection between metastable protein conformations and protein function. In addition, measurements of the torsional rigidity of individual proteins are relevant for immunoassay biosensing applications with the aim to reach high selectivity and sensitivity (15, 16) .
In this article, we demonstrate the ability to measure the torsion stiffness of a biomolecular system with a size of only a few tens of nanometers, namely a pair of proteins. Because of the small size of proteins, the torsion modulus is expected to be relatively large. The challenge is to apply directly to the molecules a relatively large but also accurate and reproducible torque. In this article, we will demonstrate how the torsion properties of a protein pair can be measured using magnetic particles in a rotating magnetic field. We will describe the experimental method and extract torsion stiffness data for a model protein pair consisting of protein G bound to an IgG antibody.
MATERIALS AND METHODS
The experimental arrangement is sketched in Fig. 1 a. We used superparamagnetic particles (Dynal (Invitrogen, Carlsbad, CA) M-270 carboxyl, diameter 2.7 mm) that consist of a composite material of iron oxide nanoparticles in a polystyrene matrix. To visualize the rotation of the particles by optical microscopy, the magnetic particles are labeled with 250 nm nonmagnetic nanoparticles (Fig. 1, a and b) .
A rotating magnetic field with a constant field strength (<25 mT) is used to apply a torque on the magnetic particles. We determined the magnitude of the applied torque from the viscous drag at the maximum rotation frequency of the particle free in solution (the method is described in Janssen et al. (17) ). The Dynal M-270 particles used in this study show a substantially linear relationship between the maximum rotation frequency and the applied field strength in the field regime below 25 mT, which can be explained by the presence of a small remanent moment in the particles with a magnitude of 1.3 Â 10 16 Am 2 and a spread of 25%. In previous work (17) , the presence of a remanent moment was attributed to the tail of the iron oxide nanoparticle size distribution inside the microspheres, for which the magnetic anisotropy exceeds the maximum energy of an iron oxide nanoparticle in the applied field.
Submitted October 13, 2010, and accepted for publication March 9, 2011. The Dynal M-270 carboxyl particles are coated with protein G and labeled with the nonmagnetic particles using the following procedure: 1), EZ-link Biotin-PEO3 (Pierce, Rockford, IL) is coupled to the M-270 particles by activation of carboxyl groups using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC). 2), The excess of EDC and unbound biotin EZ-link is removed. 3), Protein G is added to allow reacting with the remaining activated carboxyl groups in the presence of N-hydroxysuccinimide. 4), The excess of N-hydroxysuccinimide and unbound protein G is removed. 5), Label the M-270 particles with 250 nm streptavidin-coated nanoparticles (carboxylate-modified latex beads, Sigma-Aldrich, St. Louis, MO) that bind to the biotin. 6), Quench the activated carboxyl groups with ethanolamine. 7), Wash and store the particles in phosphate buffered saline (PBS) buffer. A graphical representation of the functionalization process can be found in Fig. S1 in the Supporting Material. Note that the activation of the carboxyl groups and the coupling of protein G are performed in two separate steps, to avoid cross-linking of carboxyl and amine groups in protein G by EDC. We verified the presence of protein G and biotin on the particles by enzyme-linked immunosorbent assay tests. Finally, the presence of the 250 nm particles is proven using scanning electron microscopy and light microscopy images (Fig. 1, b and d) .
The experiments were performed in a fluidic cell with a diameter of 9 mm and a depth of 0.12 mm, made using a polystyrene substrate and a Secure-Seal spacer. Mouse IgG antibodies (8) are physically adsorbed on the substrate by incubating for 45 min with 100 mL of a given concentration of IgG in PBS. Thereafter, the substrate is rinsed with PBS and blocked with casein for 45 min to reduce nonspecific binding of the particles to polystyrene. After rinsing the sample with PBS, the functionalized particles are added and the cell is closed with a cover slip. The particles sediment and bind selectively to the substrate due to the formation of IgG-protein G bonds. During this incubation, a nonrotating magnetic field of 3 mT is applied to ensure that the magnetic moments of the particles align parallel with the substrate before binding. Thereafter, the sample is turned upside-down to allow unbound particles to move away from the sensing surface and sediment to the bottom of the cell. Finally, the sample is placed under an optical microscope (Leica DM6000M, Leica Microsystems, Wetzlar, Germany) equipped with a water immersion objective (Leica HXC APO L63X0.90 W U-V-I) with a standard halogen lamp (Xenophot HLX 64625) to illuminate the sample, and then a high-speed camera (Redlake MotionPro HS-3, IDT, Tallahassee, FL) recording at 100 Hz and a rotating magnetic field is applied to the particles (Fig. 1 c) . The homogeneous rotating magnetic field is created using a quadrupole system with four individually controlled coils and soft-iron poles connected by a soft-iron yoke. The application of a rotating field causes an angular motion of the particles, which is analyzed offline using image analysis software written in MATLAB (The MathWorks, Natick, MA).
To find the conditions for particle binding by the protein G-IgG system, we determined the fraction of bound particles (N bound /N total ) for different IgG concentrations during incubation, with N total typically 150 (Fig. S3 ). Below 10 nM IgG, <20% of the particles bind to the surface, which is comparable to the number of nonspecifically bound particles to casein blocked substrate without IgG. These particles are only loosely bound to the substrate and detach in the first few seconds of the measurements. This is most likely caused by the pole tips that are underneath the substrate, resulting in a small field gradient directed away from the substrate. These field gradient causes loosely bound particles to be pulled off the substrate and to sediment to the bottom of the flow cell. The particles that remain bound after applying the field, we assume to be specifically bound and are used for the torsional stiffness measurements. Between 10 nM and 100 nM the bound fraction rises steeply from 20% to 90%, and practically all particles bind at 1 mM. We attribute the rapid increase in particle binding above 10 nM to the fact that the surface coverage of IgG becomes high enough so that each particle can form at least one bond. Experimental results will be reported at IgG concentrations of 50 nM (low number of bonds) and 1 mM (high number of bonds). Because the first particles bind specifically near 10 nM, and we assume that the surface coverage of the IgG increases linear with IgG concentration during incubation, we can (in first order) estimate that for 50 nM IgG each particle can form at maximum 5 and at 1 mM IgG at maximum 100 bonds with the substrate. The magnetic particles are labeled with 250 nm nonmagnetic nanoparticles to be able to record the rotation of the particles with an optical microscope. Inset: protein G on a magnetic particle binds selectively to the crystallizable part of an IgG antibody present on the surface of a polystyrene substrate. The surface of the substrate is blocked with casein to prevent nonspecific binding. (b) M-270 magnetic particle labeled with 250 nm nonmagnetic polystyrene particles, imaged using a scanning electron microscope. (c) The particle solution is contained in a fluid cell. The cell is made from a polystyrene substrate (top), a Secure-Seal spacer (black), and glass cover slip (bottom). The immersion objective of the microscope is focused onto the particles that are hanging below the polystyrene substrate. The rotational behavior of the bound particles is studied in a rotating magnetic field, generated by four coils with soft-iron cores. (d) Microscope image of two magnetic particles. The label nanoparticles are indicated by circles.
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BASIC PRINCIPLE OF THE EXPERIMENT
We describe a first-order physical model of the experiment to clarify its basic principles. We model the torsion properties of a protein pair that is captured between a rigid particle and a substrate by a spring that obeys the angular form of Hooke's law:
where t is the torque on the spring, k(q) is the angle-dependent torsion spring constant, and q is the angular rotation of the spring away from its equilibrium position. The equation of motion of the particle now gives the balance between the applied magnetic torque (left-hand side) and the sum of the hydrodynamic and spring torsion torque (right-hand side):
where m is a permanent magnetic moment of the particle that corresponds to the remanent magnetization of the particles, B is the applied field, u is the field frequency, h is the effective viscosity of the fluid, and R is the radius of the particle. The hydrodynamic drag on the particle has to be corrected for the close proximity of the substrate. We simulated a sphere rotating in fluid at various distances from a substrate (Fig. S2) . We found an increase of 22% in the rotational drag when the particle approaches the substrate. In the analysis of our results, in the remaining part of the article, we therefore use a correction factor C of 1.22
We numerically solved this differential equation for a system with an angle-independent torsional spring constant. We found that the particle shows characteristic movements when a rotating magnetic field is applied (see Fig. 2 ), depending on the ratio between the magnetic torque (mB) and the torsional spring constant (k). When the magnetic torque is much smaller than the torsional spring constant (mB/k<<1), the amplitude of the oscillations is very small. The oscillations become very clear when a magnetic torque is applied that is comparable to the torsional spring constant. We will now discuss the shape of the oscillations in detail. When at a certain instant the field is applied at a small angle to the magnetic moment, the particle twists toward the magnetic field and the molecular spring is loaded. For increasing angular orientation of the field, the torque due to the spring increases and the angle between the magnetic moment and the field also increases. When the angle between the magnetic field and the magnetic moment exceeds 90 , the magnetic torque decreases and the particle is rotated in the opposite direction due to the torque of the spring. As a result, the angle between the field and the magnetic moment increases further and when the angle exceeds 180
, the magnetic torque changes direction and pulls the particle back even faster (causing the unequal forward versus backward speed of the rotation). Thereafter, the angle between the magnetic moment and the field decreases, the particle is pulled back to its equilibrium position, and the cycle is repeated.
When the magnetic torque is much larger than the torsional spring constant (mB/k>>1), the spring rotates over several revolutions until the torque of the spring equals the magnetic torque. When the field continues to rotate, the spring can at maximum unwind one turn before the magnetic moment is again overtaken by the field. As a result the equilibrium position of the oscillations is shifted away from zero. On the molecular level, this means that the molecule is first coiled over several rotations and then rotated back and forth over an angle smaller than one full rotation.
In the calculation of Fig. 2 , an angle-independent torsional spring constant (k(q) ¼ k) was used. In reality k(q) is likely to be a more complicated function, which may change the detailed shape of the curves and may reveal detailed molecular properties. However, the dominant oscillatory behavior will remain the same as it arises because the field periodically overtakes the magnetic moment.
RESULTS AND DISCUSSION
To determine the torsion properties of the biological bond, we have measured the rotation of particles bound to surfaces incubated with buffers containing different IgG concentrations. A rotating magnetic field was applied with a magnitude ranging from 4 mT to 22 mT and a low rotation frequency was selected (0.2 Hz) to minimize the viscous drag. The angular movement of bound particles appeared to fall into two categories: particles showed either oscillations of angular orientation (cf. 2). For a very stiff biological system (mB/k <<1) the particle hardly rotates. For a torsional spring constant comparable to the applied magnetic torque (mB/k ¼ 1), the particle shows an angular orientation that oscillates around zero. For a very weak torsional spring constant (mB/k >> 1) the particle follows the rotating field over several revolutions where after the oscillation starts.
Biophysical Journal 100(9) 2262-2267 decreases with increasing IgG concentration: surfaces incubated with 50 nM IgG yielded bound particles of which 50% were oscillating, whereas only a few percent of particles were oscillating on surfaces incubated with 1 mM IgG. We attribute the decrease of the oscillating fraction with increasing IgG concentration to the formation of multiple bonds between a particle and IgG molecules at the surface. Consequently, the effective bond between the particles and the substrate becomes stiffer and the particles are not able to follow the rotating field. Fig. 3 shows measurements for two oscillatory particles, bound to surfaces prepared with the two different IgG concentrations. The particles clearly show a repetitive angular motion, following the rotating magnetic field up to a certain point after which the rotation is reversed. The particles are able to follow the rotating magnetic field over tens of degrees. This indicates that the applied torque is of the order of the torsional stiffness of the biological system (i.e., for a very weak system the particle would follow the rotating field over a larger angle and possibly even multiple turns), whereas hardly any rotation would be observed for a very stiff system (see also Fig. 2) . The artifacts in the rising slopes of the measured sawtooth curves arise from the image analysis that relies on comparing the images in the movie stream with a reference image. Because of the finite number of pixels in the image, the cross correlation has a maximum error when the particle is rotated over 45 with respect to the reference image. Therefore, these artifacts occur each period at the same orientation of the particle. Note that the error does not propagate throughout the measurement because for each image the absolute angle is determined rather than a cumulative one. For very low field magnitudes (B < 3 mT), we observe that the particle oscillation frequency equals the rotation frequency of the field as predicted by the model described above using a permanent magnetic moment. However, for field amplitudes exceeding 3 mT we observe that the oscillation frequency of the particle is twice the rotation frequency of the field. We attribute the double frequency to a remagnetization of the particle when the field opposes the magnetic moment of the particle. A remagnetization is possible when the applied field exceeds the coercive field of the particle.
The amplitude of the oscillations is measured in more detail as a function of the applied field (Fig. 4 a) for the two different IgG concentrations (50 nM and 1 mM). In each of the two measurements a single particle is studied, to keep the magnetic moment and hydrodynamic properties constant. For increasing field strength, the magnetic torque increases and the particle is able to rotate over a larger angle before the torque of the biological system equals the maximum applied magnetic torque. For increasing IgG concentration, we expect that more protein G-IgG bonds are formed between the particle and the surface. As a result, the area over which the particle and the substrate bind increases in width and therefore the effective bond between the particle and the substrate becomes stiffer and the maximum angle over which the particle rotates decreases when applying the same magnetic torque.
As mentioned before, the field frequency of 0.2 Hz was chosen to minimize the influence of the hydrodynamic drag (i.e., the magnetic torque and torque due to the biological binding have to dominate the measured angular motion of the particle). To justify this assumption, we estimated the influence of the hydrodynamic drag. In all experiments, the Biophysical Journal 100(9) 2262-2267
Torsion Stiffness of a Protein Pairangular velocity of the particles is smaller than 1 rad/s. With the viscosity of water (1 Â 10 À3 Pa s), this gives a hydrodynamic torque of 70 pNnm. For the field strength ranging from 3 mT up to 20 mT, the applied magnetic torque increases from 4 Â 10 2 pNnm to 3 Â 10 3 pNnm. Consequently, the contribution of the hydrodynamic torque decreases from 20% at a field strength of 3 mT down to 2% at a field strength of 20 mT. Because the torque due to the biological binding is of the same order as the magnetic torque (Fig. 3) , it can be concluded that the magnetic torque and torque due to the biological binding dominate over the hydrodynamic drag.
When measuring the angular movement of different particles on the same sample, a substantial variation in the measured maximum angle was found. The amplitude of the oscillations (q max ) was found to decrease with increasing IgG concentrations using a rotating field of 20 mT (Fig. 4 b) . Note that the functionalization of the particles and the polystyrene substrate are both stochastic processes, which are expected to yield random spatial distributions of IgG and protein G on the surfaces. Therefore, we attribute the observed variability in the measured maximum angle at a given IgG concentration to a varying number of bonds between the particles and the surface as explained previously.
From the measured angular orientation in time, we can determine the torque k(q)q due to the torsional spring by rewriting the equation of motion:
Now the sawtooth signal (Fig. 3) is averaged over four periods of the oscillating angular orientation. Thereafter, k(q)q is calculated for a number of angular orientations of the particle (q i ) using Eq. 3. The magnetic moment m, magnetic field strength B, and hydrodynamic drag 8phR 3 C in this equation are constants given by the experimental conditions. The orientation of the field ut is known from the rotational frequency u of the field and the rotational speed of the particle dq/dt is calculated from linearly fitting q(t) around the angle q i . We performed this calculation for several angles q i and plot the results in Fig. 5 versus the angle q i . A linear fit of the data in Fig. 5 gives a torsion spring constant of (1.5 5 0.3) Â 10 3 pNnm/rad and (4.2 5 0.6) Â 10 3 pNnm/rad for a substrate incubated with 50 nM and 1 mM IgG, respectively. In a series of experiments with decreasing surface coverage of antibodies, we found the torsion spring constant to converge to its smallest value of 1.5 Â 10 3 pNnm/rad, which is an upper limit for the torsion constant of the molecular bond between the bead and the substrate prepared with the solution of 50 nM IgG. This molecular bond is tentatively assigned to a single protein G-IgG protein pair.
The torsion spring constant is not a material property but depends on the length of the spring. One way to compare systems with different length scales is by calculating the torsion modulus (i.e., the torsion spring constant times the length of the spring). The size of the protein G molecule depends on its spatial structure and is not exactly known. For antibodies the size is known and is typically 15 nm Â 7 nm Â 3.5 nm (18). If we assume a length of 30 nm (twice the size of the antibody), the torsion spring constant of 1.5 Â 10 3 pNnm/rad translates into a torsional modulus of 4.5 Â 10 4 pNnm 2 . It is interesting to compare the derived protein torsion modulus to the modulus of double stranded DNA (9) . dsDNA moduli have been reported of the order of 4 Â 10 2 pNnm 2 , which is roughly two orders of magnitude smaller than we find for the protein G-IgG system. An order-ofmagnitude estimate of the ratio in the torsion moduli between DNA and a protein G-IgG complex might be obtained by calculating the torsion modulus of the biological system in a continuum approximation. The biological system might be considered as a cylindrical rod with a diameter R and a length L. When the rod is twisted by applying a torque t, the twist q is given by (19) 
where G is the shear modulus of the material and J is the polar moment of inertia of a disk (J ¼ 1=2pR 4 ). Introduction of the torsion spring constant k ¼ GJ/L gives the angular form of Hooke's law (q ¼ t/k). The torsional modulus (kL) of the cylindrical rod increases with the diameter of the rod to the fourth power:
Using this relation and assuming equal values for the shear moduli, we can estimate the ratio in torsion modulus between dsDNA and a protein-protein couple. The radius of a dsDNA strand (1.2 nm (20) ) is about three to four times Biophysical Journal 100(9) 2262-2267
smaller than that of an antibody. According to Eq. 5, a radius that is smaller by a factor 3 to 4 gives a torsion modulus that is smaller by a factor 81 to 256. The ratio between the measured torsion moduli is~4.5 Â 10 4 / 4 Â 10 2 ¼ 125. Interestingly, the calculated and measured ratios are very similar, which supports our assignment of the molecular bond between the bead and the surface to a single protein G-IgG pair. A next step is to perform a more detailed comparison based on molecular models of torsional deformation.
CONCLUSION
We have used rotational actuation of magnetic particles to measure the torsion stiffness of a small biological system sandwiched between a particle and a substrate. As a model system, we used protein G on the particles and an IgG antibody on a polystyrene substrate. The angular orientation of the bound particles shows an oscillating behavior upon applying a rotating magnetic field. We attribute the decreases of the amplitude with increasing antibody concentration to the formation of multiple bonds between the particle and the surface. The lowest torsion spring constant that we found is 1.5 Â 10 3 pNnm/rad, which corresponds to an estimated torsion modulus of 4.5 Â 10 4 pNnm 2 . We attribute these values to the spring constant and torsional modulus of the molecular bond between the magnetic particle and the surface. We have shown that the tentative assignment of this bond to a single protein G-IgG protein pair is supported by a simple model that predicts the torsional modulus based on a direct comparison with single molecule deformation experiments of DNA. The modulus found for the protein G-IgG pair is at least two orders of magnitude larger than the torsion modulus of double stranded DNA, which we qualitatively understand from the structural properties of the molecules, i.e., DNA is a long and flexible chain-like molecule, whereas proteins are globular in shape due to the folding of the molecules. In conclusion, we have proven that rotational actuation of magnetic particles can be used to measure the torsion stiffness of a biomolecular system with a length scale of only a few tens of nanometers. The method opens a new (to our knowledge) window in nanomechanical biophysics research, allowing detailed studies of the torsion properties of protein/protein complexes.
SUPPORTING MATERIAL
Three figures are available at http://www.biophysj.org/biophysj/ supplemental/S0006-3495(11)00382-1.
